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LANDOoI. JA( R IP., KENNSETH E.. MONE.Y. E. 1). L&. TLoIFF,~~ deconmpression? Part of the answer probably lies in the
A. 1). N ICHOLAS, JERRY LAUFER, AND iiWAi.r-R H1. JOHNSON. fact that the inner ear is a sy' stemn of liquid-huled cavities

~I Iot/ttpi~slltt 'Pt/ lnnt'r vor (tlsittion in the squirreI IIIo - within rigid h)one. TIhe membranous labyrinth is comn-
ke% in raid dieompressioin. J1. Appl. l'hvsitl.: lRespirat. Envi- tsre f necnetddc

Sron. Exercise l'hvsiol. 49(6): 10170- 1082. 1980.-More than 90 -r~ ofasr ep iteoneted detucsar~ acspaat
squirrel mionkeYs with hdlateral mrnigotomies (a small hole in contain the sensory e' tei fte~esua paau

cio ta dtirt 0en r~~till tl'tttopresel i a vprhaie anI thle cochlea for eq~uilibratory\ and auditory functions.

('(in lit at't tt'iig to :t p(liI (It\ inrg prile in wh ich 315', tf resplect ively. 'Fwo otic fl uids, endoly\mph and perilynmph.
_____ ttlellopts p rot tid (lIst olt's '' hit s'I c ofined tothe inner ear. are anl integral plart of' the vest ibu lococlear complex.

\oiikeys ret-k' ing iiint-F tar htits a;s dtlermi ned b)y the SUddenl The endolvmiph, which is rich in pot assiumi ions antI low
A ttnst't ttt \vigttrtti heatl or evek nv\staginus duoring decomipression) in sodium ions, bathes the sensory epithelia within the

%kt lur tsted andi killed at t imes ratnging fromt I h tot morke than utricle (the miacula utriculi), the saccule (the macula
12 titI fttlotig h ti e.~t I istttltgit'allv. iii natnkevs kilIledI I sacculi). and the three semicircular ducts (the cristae
mul .,I.lt'ss alt r t hie tilt rrltall-ge antld or at dec11 purple- ampullares of' the ant erior, lateral, and post erioir semicir-

-r_ stining prel i1tit- tellila! tr.ial %%at ei-Irqt'lt lY ftouind itt the ttt it cular ducts)' of the vestihular apparatus, as well as the
* ~~fluid siaes. Ilt llm - ottnkc'~s killed i ote than I o titter ai scala medlia (the organ oif Corti) of' the cochlea. The
*hit. t, topic 11(11 hmtlt g'rtm WI it tilt, ans otf the semnicircla 'l mebaoshb-it ssprtdfomn its bony court-

aIas ',t aittill Svt piI. Nv% bonetii grttwt h never appetired mnb'nu ahrnhi eaae
ill t he 't it Il klit i(t td varis. arndii lit hth ear (Ifctnt rtl terpart (and the temporal hone of the skull) bv the

an ini m~It ht, rt, it l t ati vria \% was stm-iwhat less t hanl inl leri lYmph, a fluid that is rich in sodium and low tin
vt ~tl ii taget I hdI t.(t t it I ssif in: aint I tort he'iort'. it,\w hone pot assiL m. In the cochlea, the perilvnmph is foundl in two
grt tot d id nott t(tttr. H'havittrallv. the it riotoke ,s shtwed compartments: an upper one, the scala vestibuli, and a
\vstU1l dit arIt't~l t~il %atwre cosistetnt w%.it hthle strutoral loweir one, the Scala tvrnpani. (The Scala media is sepa -
&1tit1agt. i~t' t-aled hy histttlopg. ratedl fromt the scala tvmipanii below bw the spiral lamina

and the basilar membrane, the latter (of' which supports
l11t ii' clettlitpressil i a liage: dI et'tn tril essi1 to sickness: y-e,- the or'gan of Cort i.)I Additionally. t heire is a Special izedI
t ih tct Ihlear lv~sft ititi:n siit~ill t ed deep1 div irig: high-pies' - net work of vessels that su pply and drain the variouis

'it.oyi HI 1mi l wt'ill s: 0 tit tt SSet us lahbvrint hit is: inlner eatr heo'n ari-I h nnrei.['
partst afin eals (InMore detailed normat ion (Inth

on h~~igf, anatom , adas nthe pihysiology and Ilathophvsiol-
ogy of' the inner ear, may he found elsewhere G15. 318).1
Perhaps this unique arrangement of rigid walls Surround-

Ir IS NOW WIDIELY RI'OG;NiZEI) that inneir eair (vestibu- ing large fluid-filled spaces and intricate v'asculatUre p)e-
lot'ttthl-'ir) disorders i'esult ing from dleconmpression r'ep- culiai'ly predisposes the inner ear to bubble formation
resellt a Serious hazard in uiideirwatei' diving (6-"8, 1:3 6, and hemorrhage during rapid decompression.
21), 26, 31. 37). Fotr (lives to depths as low as (approx) 10 In this piaper,' the pathophysiological manifestations of
lt o f' seaiwater (nlsw). the most common decompression inner ear dYsfunction are elucidated fromt experiments in
pirtoblem is jotint bends: bit deeper than 100 mi the most which the squirrel monkey (Sairniri sciul'eus) was used
c'tomimoni probl~lemi is inner cair damage. This damage is as anl animal model. The nlature and extent (If v'estibular
ulnrelted'l to E'ustaclhian tube funct ion. andi it oIccurts in dysfunction dluring anti after simulated deep diving is
sptite titf pressuire equaliztin o(~(n the two sides (Ifthe eh: d'etermined by corIlrelating histopathological with nystag-

L tlnt. moidal observ'ations (both bilehavioral and elect ronvst ag-
IRec'ntly. a groupi~ (If au(lillvestibuilar scientists, working m(Igi-aphic). Cochleair disorders are determined s(Ilel\'

undler the taispices o~f the Undersea Medical Society' for fromt the oIbservatioIns tif'histopathology.

a Natiional Plan fo~r thle Safetv and Health (If Djivers tn '1o (late. (Ik a few studies hav'e used animals to
heir QueSt for Sub~sea Eneigy', have reco(gnizedl the need

folr, antI have giver, t he highest pritlrity, to, hasic researc'h
in)o ot l lgit' dlecomp ressioin sick ness in a nimnals (1 9). Tlhe coreshing thioitli tts tir is el'(' ul refered It 11 svii lar ca-ts lt
plresent repoI rt is writ ten pa't lY in response tot that nleed. rails is aist t I sed as it geneltric terio fttr tilh, testilmittlr senlstois tif tigiilar

,Vvis the inner ear so1 susceptible to damage frontmoitittn
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investigate inner ear disorders in a compressed air envi- tagmus [nose up (N'), nose down (NI), right side down
ronnment. Earlier reports from this laboratory (29, 30) (1S1)), left side down (LSI), in darknessl, and postro-
provided some lireliminary results on the nature of the tator nystagniLus head erect (HE), RSD, LSID, following
vestihulocochlear "hits" in monkeys that were exposed clockwise (CW) and counterclockwise (CCW) rotations
to high-pressure situations. McCormick and his col- in darknessI. (The HE, NU', and ND positions stimulate
leagues 133, 34) and Long et al. (32) had previously given the lateral canals, RSI) and LSI) the vertical canals.)
some insight into cochlear dysftunction in the rapid de- Any monkey showing signs of spontaneous or positional
compression of the guinea pig. -Jensen et al. (25) reported nystagmus prior to a dive was not used in the experiment.
on the spontaneous and i)ostrotatory electronystagmus The animal was subjected to loud noises, when necessary.
in guinea pigs following different decompression expo- to maintain a state of arousal during the recording of
sures. Chiappe (9) histologically investigated the inner nystagmus. For each head position, an optokinetic nvs-
ear lesions resulting from decompression in guinea pigs tagmus was also recorded to permit calibration of' the
and cats in which bottom depth, bottonm time, and rate induced slow component of' the eye movements. To this
of decomp~ression were varied exlperimientally. T'he only end, the monkeys were rotated on a turntable at an

other studies in which animals have been used( to inves- angular velocity of'301s (eyes open, in daylight) tr 30
tigate vestibulocochlear dysfunction are those hy a teaI s in a CW directionand again tor:30 s in a CW direction.
of German investigators, near the turn of this century, Assuming that the monkey is fixating during the slow
on (logs and guinea pigs in work that was related to comlponents of the resulting optokinetic nYstagmus, and
caisson disease (1, 2). that the angular speed tf' eyehall rotation equals the

speed of rotation of the table (in the opposite direction),

METHOS) the optokinetic nystagnus allows calibration of the eve-
ball displacement in terms of' degrees per millimeter of

Experimental animal model. Ninety-one male squirrel chart paper. The speeds of the slow components of the
nmonkevs, weighing 423-1.444 g (mean = 664 g), and free vestibular nystagmus in darkness (in degrees per second)
from otitis media and other disorders, were subjected to can then be readily determined from the vestibular n.,,-
simulated lives in a :300-msw hyperbaric chamber (Beth- tagmograms. [The speed of the slow component of ves-
lehem Corp., 0.173-m capacity). A special procedure was tibular nystagmus is thought to reflect cupular displace-
followed to prevent otic harotrauma (an injury which ment and is considered to he the most accurate indicator
results from a failure of the Eustachian tubes to open of semicircular canal stimulation (3).]
and equalize middle ear and environmental pressures Decompression procedures. A decompression sched-
during compression). One day prior to a dive, the caudal ule, which had previously produced some vestihular hits
lortions of the tympanic membranes in both ears were in the rhesus monkey, was obtained from the Interna-
surgically opened (myringotomy) under light pentobar- tional Decompression Data Bank (courtesy of R. E.
bital sodium anesthesia. (This was confirmed again at Peterson, Institute of Environmental Medicine, Univer-
the time of the dive.) Although round and/or oval win- sity of Pennsylvania, Philadelphia), and modified to re-
(low rupture is often an indirect sequela of otic baro- flect the shorter tissue saturation and desaturation times
trauma, histological studies of temporal bone sections required by the lighter mass of the squirrel monkey. In
from successfully (lived monkeys revealed that these the early experiments, nitrox (80'r nitrogen-20'- oxygen)
windows were intact in every instance. Thus it is unlikely was used as the ambient gas mixture (21 animals): and,
that otic barotrauma is invtolved in any of the otologic in the later experiments, heliox (80cr helium-20( oxygen)
disorders that have (ccurred during these experiments, was used (20 animals). The diving profile commenced

Vestibular function testing. Vestibular function was with compression of the ambient gas from the surface to
examined before the dive and again at various times after 13.9 msw. Compression was taken by nitrogen (or later,
the (live, depending on when the monkey was to be killed helium) at the rate of 32.6 msw/rnin to a depth of 211
for light microscopic histological investigations. These msw. I)ecompression, after bottom times from 2 to 20
examinations involved visual and electronystagmo- min, varied from 5.7 to 18.1 msw/min up to depths
graphic observations of spontaneous and induced nystag- ranging from 9.1 to 61 msw. From there, the animals
mus: judgment of the degree of difficulty in walking and were brought to surface pressure in discrete small steps.
standing: and observation for any signs of vomiting that Table 1 shows that, using this first profile, the incidence
might occur. Before and immediately after the dive, any of vestibular hits is five times greater with heliox than it
behavioral manifestations of vestibular dysfunction were is with nitrox. It also indicates that there is about a 50'
recorded on film (16 mam). During the dive, the monkey chance of not inducing a hit at .oll with this profile.
was free to move in a small wire-mesh cage; and its To increase the incidence of discrete vestibular dan-
behavior was monitored through a glass port in the age, a second diving profile to a greater depth was de-
chamber andl rec(i'led on videotape, signed (Fig. 1). The initial compression with air produced

Horizontal as well as vertical eye movements were an oxygen tension (Wo9, of 50.7 kPa (= :380 Torr) at 13.9
detected by electroencephalogram electrodes, amllified msw. Subsequent compression with helium to a depth of
hv an AC-coupled dual-channel preamplifier (20-s time 274 msw does not alter the P02. However, during de-
Constant) and dlisplayed by a strip-chart recorder (Beck- compression, SUpplementary oxygen was necessary to
man type RS Dynograph) as a iermanent record. Elec- prevent a decrease in the Po. because of oxygen coin-
tronvstagmography was used to record, predive, and sumption by the monkey. As indicated in Table 1, this
postdive, each of spontaneous nvstagmus, positional nys- second decompression schedule substantially increased

L , IA
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TABLE I. l1(k'qlue1n(v ol 1OC) c'(' (' o" conl)/it'atflo in 51 It l /,'(.VS

undergoing simulated decomressl'Sion sch(edulh s

4ll;t ll i- . \{I ti(

Vt libulatr I (5', S -) C25', I 1 Ikil I-, a15',i 11', w'12'

\e.tibular and central n'rvous 1; (29'. 5 (25'. 1I 1 (27' 1 12 lli'. ./ i' I I/I

('tlll'l]I|'r t~u :y:;lql ; 114', 1 2 ' , 1 5ll ( I1-)', 1 15' .- , 1 11 0 ,I IIl '

N nton II 52' , 1411', 19 .1'6 11 1 211', 2 12n', ii 211',

San l ze' 2 21 21 41 .I) 11) . .

lilili t-- a gas chalige aund st l l " tr lin .at 3i. nsw (illing the ascui 1 a . il ihiih Ownrn ta ', m ild iin-ph- ill+
ktolliplit'at i()ls.

Time in minutes

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58
0 1 1 1 1 1 1 1 1 -

Air
13.9 msw

50

1 .Il)iving plridhh ih., " , t
I ;15 

,  
m tidelni ., } (it, . - ,.- i,l, :-

'100------------ Rate of ascent "'hi,." ll 'qo.uiirtl in.iik . \\ hi,..
" 0.3 msw/minute hit 0o 'Iurrn-d idurig ' lnl

t  
It .mt , -

Rate of descent after recompl'ession to the . i %ill' .lnk(\ a ;t -In .'s

= 32.6 msw/ Hypothetical oI twice it.' delth a %%hi, hit ,,, , it i,,
E minute hit and then blrought it, urta- at U in-.

150- mn (see typical irn-hl' to] a Ih\ p, lit-: I,

hit.

Helium with supplementary oxygen
200 to maintain Pc2 constant

Rate of ascent
18.3 msw/minute

250 Po2 :%50.7 kPa throughout

274 msw

the incidence of discrete vestibular hits (3 5"1), and it also change in the chamber gas mixture from heliox to nitrox
reduced (to 20'*) the probability of the procedure having for 10 min at 30.5 msw ascent (see frequency of occur-
no effect at all on the monkey. Also indicated in Table I rence of complications in Table 1).
is the fact that complications involving the central ner- Histology. Monkeys were killed under very deep pen-
vous system CNS) are comparable in both profiles. If tobarbital sodium anesthesia (= 1 mil/kg body mass).
decompression produced any CNS complications and/or The chest cavity was opened, the descending aorta was
vestibular hits, the monkey was immediately recom- tied, the right auricle was opened for drainage, and the
pressed to twice the depth (in msw) at which the hit animal's vascular system was washed out with physiolog-
occurred. The recompression was used for the removal ical saline introduced by a cannula into the left ventricle
of, or as a precautionary measure against, decompression under physiological pressure. Then, using the same can-

damage in regions other than the inner ear. The proce- nula, the animal was perfused with 10e% formalin.
dures were intended to produce inner ear damage for The temporal bones were removed and decalcified in
study, without complicating damage elsewhere in the 5c% trichloroacetic acid. The tissue was then dehydrated
body; and, in most cases, the recompression did prevent in graded concentrations of alcohol, following which it
damage elsewhere, without reversing the inner ear dam- was embedded in celloidin, according to the method of
age. After the recompression, decompression proceeded Igarashi (23). The celloidin blocks were horizontally sec-
at the more conservative rate of 0.3 msw/min to the tioned at 20 Am, and the sections stained with hematox-
surface. ylin and eosin. The whole brains were also removed,

The diving profile in Fig. I was also used to investigate similarly prepared, and sectioned at 20 Am in the coronal
the incidence of inner ear complication following a plane [so that subseqtuent brain pathology could be iden-
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tiffed in relation to comparable sections in an atlas of the + +
brain of* the squirrel monkeyN (17). z+ + +

+ + +++
RESULTS +z+++ +

Monkeys that received inner ear hits were tested and
perfused at intervals of from about I h to more than 12
mo following a dive. There were no apparent differences
in the inner ear deficits (behavioral or histological) ob-
tained with the different ambient gases, gas switching, or
type of diving profile: thus all findings may be considered + + +

together. No vestibular or CNS disturbances were en-
countered (luring descent or at maximum depth; when + +

thev did occur, it was alwa,,s (luring ascent, between 61 ± +

msw and the surface. + +
In 95c of cases, vestibular dysfunction was identified .

(luring decompression by the sudden onset of nvstagmus + 
(either in a horizontal or a vertical )lane, or about an
anteroposterior axis), tollowing which the monkey would + + +
become quite unsteady and would have to grasp the wire + +

mesh of the cage to maintain its balance. Other beha,'- . . . . . . . . . .

ioral manifestations of vestibular dysfunction resulting . . . . . . . +

from a successful dive include a) emesis and anorexia (2- 7 + =++

:3 days l)ostdive in 15' of these monkeys); b) unsteadiness + +

Cstaggers"), either with a tendency to fall in a single + + + + + + +
direction (40') or with no l)redilection for the (irection + + + V.
of falling (45%': c0 head tilt in a preferred direction [30', . +
occasionally until the animal was killed (Up to 7 days - + + - - - -

l)ostdive) 1: and (1) a tendency to hang upside down in the
('age (one case). In general, some form of motor instabilit v
was observed in 95% of cases.

For purposes of analysis, the monkeys were arbitrarily
segregated into three groul)s, according to the interval ' <
between the (live and the time of' death. These groups +

were 1) very short-term postdive survival-I h to I day
following a (live; 2) short-term postdive survival-I (lay +

to 1 mo: and 3) long-term l)ostdive survival-i mo to I
year or more. The first of these groups consisted of + _ . . .

monkeys that were killed within I (lay of the (live because -7.
they showed signs of both peripheral vestibular and
central (mainly spinal) lesions. The other groups dem-
onstrated only peripheral vestibular insults and were - - - - ,.

killed at selected intervals. Additionally, 10 monkeys ++

received various preparative procedures and were used L = = 
as control animals. -=

Inner ear pathology in very short-term postdive sur. + ++ + + +
vical group. For all eight monkeys in this group, which + + + 
were killed within 24 h of the (live, the entries in Table
2 indicate that all of the otic fluid spaces contain a
granulated precipitated material that stains a deep purple . + + ++

with hematoxylin and eosin (29). (In Tables 2-4, +++ + + + +

designates the severest insult, ++ a moderate insult, + +I&
the mildest insult, and 0 no insult.) In the cochlea,
precipitated material appeared in all scalae and, in some - -

cases, on the tectorial membrane of the organ of Corti.
In general, it was loosely packed unless there was con-
comitant hemorrhage, in which case it was quite compact .

anti more pervasive. In the vestibular apparatus, precip-
itated material appeared less often in the perilymphatic
spaces than in the endolymphatic spaces. It appeared W! "
most often in the ampullae, particularly as an agglutinate
adhering to the cupulae covering the sensory epithelia of
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+ + red blood cells were found ill the vest ibhuli' endolvymp.
- + + + + + In the cochlea, tissue damage and hemorrhage were"" -,, + +

+ + ++observed in the basal, niddle, and apical turns in all
+ + + + scalae as a result of lesions to the spiral ligament, the

blood vessels of the membranous walls, and the stria.
S+ = Inner ear I,)thoh~log in long-lerm pistdiv suruial

group. The II monkeys in this group were allowed to
_ - _ __ + - survive for durations from :38 to 383 days fhollowing de-

+ + +compression (lable 4). Though seldom present, onv
+ + + + occasional red blood cells (usually hemolvzedj were

found, and then onIlv in the perilyml)hatic vestibular
++- .. . system. The )recil)itated material was still present in

+ + + abundance in the endolymphatic vestibular system,
-+ + + + where large clumped globules were often evident on and
+ ++. . .within the cupulae (cf. Fig. 3, E-(;). The perilymphatic
+ + + +++ + + vestibular system was essentially free of this material:

and, in most cases, only traces of it were evident in the
+ + + + + + + + cochlear, utricular, an(i saccular regions (f the inner ear.

, - Compared to the other two groups, there al)peared to be
+ + + + slightly less of the material in this long-term group.

+ + + + + + The most surprising and undoubtedly the most impor-
>: ++ ++ +tant finding of'the study was the app~earance of connec-

+ + tive tissue and new bone growth in tissue-damaged re-

. . .. . . .. gions that were contiguous to the bony walls of the
S++ + ++ semicircular canals (Fig. :3, B-D). This occurred in 9 of-+++ + + + ++

+ + the 11 monkeys in this long-term group. (lhe two re-
". + + + maining monkeys, which lacked new bone growth, had

behavioral svml)totns indicative of rather mild vestibular
-. + + + + + + "hits.") The new bone growth gave the appearance of a

condition that is termed fibroosseus labyrinthitis t57)
+ + and labeled FOL in Table 4. In the decompressed mon-

_ +z.+ + keys. this condition appears to start as an infiltration of
_ + = the lperilvmphatic vestibular system with fibrous connec-

"L -.tive tissue about I mo after receiving a "serious' vestib-
"+ .+ + .ular hit. Monkey 8, which was killed 38 days after a

successful hit (Table 4), indicated such pathology along
+ + + + + the arms of the r;,,ht anterior semicircular canal (Fig.

Z + ++ 3B). The inner ears in monkeys killed at longer intervals
+ +  after the dive showed the progressive development of+ ++

new bone with centers of ossification apparently ema-
+ + ~+ + + th+-+ + +nating from the endosteal laver that lines the inner+ + + + surface of the bony canal (Fig. :1, C and D). Gradually,

++ + + + - the new bone growth develops its own blood SUpplY (Fig.
+ + + 3, C and D) and fills the perilymphatic sl)aces in the
++ + ++ C

S+ + region in which the damage first occurred. In some ears.
.+ + + + + it is then confined locally by the endosteum and the

- = + + membranous duct of the semicircular canal and spreads+ + = + ++ ++
+ + no further. In some ears, it fills the local I)erilymj)hatic

space and also invades the endolymphatic space (Fig.+ + + + .
Z + + + +- "+ + + +. 3D) anti, in some, it is limited to the perilymphatic space

-- + + ++
but progressively spreads toward the ampulla and utricle

* - , -, (Fig. 2D). When the endolymphatic space is completely
Y t "" .filled at an' cross section in the semicircular ('anal, the

canal becomes completely insensitive to angular accel-
-. erations. When the new bone growth encroached upon

- -the ampullary perilymphatic space. it was observed that.
S-: -. in some instances, the sensory epithelium of the crista

was thin and condensed (Fig. 2D; cf. Fig. 3, E and F),
lacking hair cells, and that there was a paucity of nerve

'~ - ' - .,fibers in the crista. Such cristae were, of course, totally
< .nonfunctional.

The location of new bone and connective tissue growth

0I
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hesreus for hot h~~mfb~ lft and right laa s.Ofprto i-shere peetated baera nwihn grow h an ibroust covl(n-l

nbnce awreithese fndngs: i Ihin Iome lionevs p Ion li a andv tiVue and itin foui e tra anal 2i money.36 24 int
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PATOIIISIL~Y OF INNER~ EARu AIi ......

Fi broosseouis Ilb rint hit is ntever appjearedl ill t he coch-

lea and it entere'd theV VStI 0huiV uvOCCaSionally. l,.
* spiread ing fromn t he canI als.Fuirt heirmoi re. e'xcept tfot* onet

- t* t i 1+ case with a dlistendled l iisner's Illerntranle and anlot her
With a (let hedl Stia vast hiris in anl api Cal tur n, all
c0ch lear structures a ppea red in tact and lU ntt iinal, ill
Spite of thle obviouis b leed ing into coch lear lieiy lvi

+ + + that occasionallY (ittUrredl. Moreover, a reduction inl the
+ number (it tells or loss Of te1llularit v was never indicated

in either Staria's ganglion orf the spiral ganglion.
Electron 'vstagmnogruh ic st (lies. M onkevs that re-

S+ c eivedl discrete Vestibular hits and were observed for-
sp~ontanleous andl positional nYstagniu~S inlInuediat el ' after
th dieivariably show.ed vigoirous eve nbovettueit.I

+ + + +most cases, regardless of' head po(sit ion, the eves heat
-++ ++ + constantly in the same dlirection [spontaneous nivstag-

+++ + mus-see LBN (left-beating ny.stagmiusl complonenlt 1t)
+ + + +all head positions foir the po(sitioinal uvst agmuses in Fig.

~~4B]. in a few monkey\s, the ny\stagius; imimediately after

S++ + + + +..+ the dive was dlirectioin changing [e.g.. I)BN-UBN ( lo,%nr-
+++ beating nYstagmus, upbeating nvstagniusj comuponents

+ + + + in the positional nvstagmiuses in Fig. 4, A and B). These,
positional orspontatneous nv.stagmullseSsulYdsp

+ +± + + ++ perd fe about :3 wk (Fig. 4A), hut (it(asioinallv\ a
+ ++ + + rsidalnvstagmus remained long after thle dlecompr~ies-

sion (e.g., I)BN component to ND) position. 1 26 (lays
- postdive in Fig. 4B).

Invariably, there was a partial or comp~lete loss oif
+ + + resp~onse to postrotatorv.stimli ini thle inner ear-damiaged

- ~monkeys immediately after the (live and loh- several (lays
afterward (Fig. 4, A and B). The post rotat or\ nivstagmoUs
was diminished in frequency, amp~litudle, andl duratioin.

Z There was partial or comp~lete recoiver ' as tinme passedl:
but, in some monkeys, a preponderance of nvstagmlS Inl
certain directions remained. The postrotatorv\ results, in

= + = + onkevs 51 (Fig. 4A) and 52 (Fig. 4B) dlemonst rate these

++ In the case (of mionkeys 51, at 5 (jays postdive. the
+ + postrotatory nystagmuses to horizontal rotations with

. . head erect (as exemplified by the maximumveoiyf
+ ++++ + the slow comp~onent oif the nvstagmoid beats) had (de-

-- -- - - - - TABLE 5. Distribution att(l app~earance oft
nr neit bon e growth fin spiecific sent icir'u lar can als

+ + + + + +iningernpt(legou

+ +

+ + SCp
++ + ++ 24 AS(p. I.t'Itn. PS~(pl

7:. 3 AS(p
2:36 AStiep'.I) LSC0p). 1'SCe.u)*

7..~- ~. ' 51 L.SC(pl. P'8(p)u ASCipI. LS(O. pl, vt
.52 L8SC(til .S(i

62 I'S(i
-. 68 AS0p). I.SClp)*

C 'T 5R~~ . Total 8 5
_. C. I no. of

Z canals
AS(', L.SC. and I'S(. anteprior, tat eral. and posteprior sniciruular

ZI-nA- ' ' canals: v and p., endotnphat ic and peritvnutuhatc spaes
5 -P u ArnputlarY and ut ricutar peritniphat ii spuacts altso uroiactd oU10t1

hYnew hone growth and fibrous connect ive tissue.



creasedt to 24', o (iticir piedixe values. There .%as no4 T ioiail prepotideratice was~ conlsidlered to bie plreselit it [itt

jierilyxiiici spaces ot the( lateral seilnicirentar ialAS Ill liffu 11-01 (AV~ .111d ('(W rotatiol, di ftr h)*v nIore thati
botiih lab i vri lli s of thiis tok *( l ke'were occlud0 ed Iwit h bonle 201', (1 I 1. Dircte ional prejpon~e ralees as high is .45','A ee
ilahie 51, and~ t h is might have decreasedI thet seni ivii * t( fon d it- sotm e mi(onkew s inl the long-term group. Inl mn

of tihe canlals either mlechanically' or chemicallY. No oh- A' v .51, there was extensive damage to the yertical semni-
Vi 013 Ile iej 11ithI ailiiii tallge W:1. is vnt e i ill tis moit((lke *x circenlar can als.

Ill respo nse to ro t atitoins that st i ii nlaiie tihe xeriil TaI lhe hisi or ' of' t h ist rot at (rY nxst agiiis in mi lke

ca MS D and1)01( LSD) iii Fig. -1), the postrotatorY nvs- .32, ipl to thle timue of dteat h 1126 (laYs postdiveL Wa~s

agnuse. wichwer cauplt bli er a ~I (I\'spos -simiaro toi 1111 of' ,nonkev .51 (Fig. 413). As in monkcex .51.
dit\xe ill 1o n ke' .51. sliawed good1 recovery al h ti iei of thle p eri lY iijha tic sp aces ;i b ot h la teral ci aaIs of mnonk I
(teat h. In1terest inglv t Ihere. was a 33" (direct iotial prepon- .52 were invaded hx' tihroosseoois mlat erial i 'ahte 5 I: anid.
(leralice otR overI* )1N withl IUSD rotat inns. I ir-c- iii boith nionkevs. the levetl ot nlystagmuns atl the( lite ot

'A' M on key%1 51
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leit h \Nais tfla( h redu tcedl and 1( its at ess'enlt tall t lit' sa lie ill th le sqilirel Illne .liii ad tlUl\ Iilsi e I Ide 10i dxii a ge
level as it hiad bieen iniiiexiatet 'v pxsilive ((-I'. Fig. 41. A1 hii decomtpressioni. as it i.s in lititiails 2, etlito
Midi B). Again, li both11 tnoiiktvs there w\as a iuuimplete coiixlV ie iloixies r'eStttttg tiolit ileiximtres.tiox it( t .e-

alxsciixe~ vt jios lii itii vstigiiitts toi \iticatl titlat sl iut- senitiall\' ofi peiphieralt origint unless i te ( 'NS ijivolvetiteitl
utlaltiixr Sliirttv\ after tilt' xlix, .With essentially tall reCCOV- is eXtenIsive 111i1 oiiiiit. 3) (Coxchlear isorder.'s terudtoii
v r ait the little ot death. Mlinei 52 hadl a prteupondaerance Ile vascular lesions if] ally tutn, fiittifiit,'v locatedt ill thet
of a lp-bea ting I \Sivst agmS Ill 0 ti kill( (LSD) oxf rut atoxxv stria v asctt aris and tl.le spi ral l igamtix .i 4 Vestdlihu
test b~efore ( lie, iv, but it hail it preponiderance of' dolwn- lesints appear. rIxost hrejuet lv along The arias of thet
hein~jg 1ii'vstxxgnmtut (44', and -42"I iii both (LSD1 irnl SenliCirl-Ar1 dIIuts. 5)1 'e-stihUlar lesions. appeari 11) he
H SI ) Tests after tIt elive. mox re perntar tent thli cochlIear l esionirs. st riceet i c

Conilltro Il In/u is. l li ,iiir v of ft( i otn keys that sat.- slow lit rosis atid hew faa ie gix w iii in Thle xi ( flt aix I ,pxii

fetexl ir ear idecomipressioui xlia~ge. olyuili' e al was (priiicipail 'v along The ais of' thet setnicirxulir dw ixt) are
afitted '(. hile he ixl oher ial r was tetit ire 'Iv n otrmatl axd the noramal sex ie (lae to \'eSt it h xL~ i rllit' deoliff 11ix i l a lx-
serveil its i conitrixl. Howvevr, it wa.is thxatght wise to iage.
far-ther xonxroi ridte histoluigicatl tininrgs hy , v repattring 10 C'ochlear lesixxns aire likely ' tttribuitable it) b leii fit-
rixiiukev, s wit hiu ani ,tiv exposutre att all to idivitig. These ritiatiori andl expansiont with conisequenrt hliixkag' axi ori
atriirmtaIs werte used to dixet ernte whle ther xi. rrot The t ~pe ru ptaute of' iiicrovessels. cituising hii! ii rli ag o ir xliiixii-
id hixitt ive xa. The iltvirgotoixuiiv at hiboti intfluenced thle protein eXt~til t. \'estitilat1,1 lesilsri, 1\i-Mill marl
listolox g ical f inin rgs. Th'Iiret ' T the toi xie vs werte killed valt~ ar blockage atd Yixt~ l' 01' pt f i xron xit xiiiId sl itt It at
withouxit iii'vtringxtxxriv (2 hirriialiti fixed, I Heieihxii- c'aase tearing itt the biiloo vssels sitjifig l it 'rill ]I-
Stia fixedi). Tlhe' iniiiervals ft-urni il rigot un iii t dea thI in i- '1 ic ICI IWi ith wou inlxi si i ia isc t he Medifliltaii

thle remaiiinug 7 alit ke 'vs were 0, :1 (lta'vs (2 atarike 's), 8 pr'ciplitaltedt Iittternx to illilve withl hii lie allixpitti al d
xtttvs. 9 xll ad 60 xhtvs (2 riiirkevs). in these cont rot atdhere to tile tupI)aa.i) O iri rimbth. lw x(ilix I 1\
atiiials, t here \,%as no liew% hixtie grxowth 01'ii invasionl Ot tiitte tiit i tolirlfid lew blre gnix iit t hi vxIlm ]1( in 1 ;1
conniectivye issle: unil'v iccaxsionalt texd bloodx cells oiutside canals tire jitxx l iv productiedI l.\ ostvex xhit i I i ;i 4.t
biloxd vxIxesstels were ericoun rte redl. Prteci pitat ed mtiaietial lit ete at ia text ini restponrse to ix tit atiol o r t xrr ing xi till-
xtx xt rrcd souewli itt less I il frI~ex l e ' Vt ianix itt Iiit in i ciiiost cal lay' er t ilat lintes Th l UIx' iC sf atilc t' 'ril 11-t il xi

dliffetenat lo cait ionis ( e.g., in 'i lv x litiSonal lv, arid iii trtaxes, canrals. It is ni t ewxirih i\ thfat gtis, li.six dltiagti

oi the ctilae I comtipared with ilie xlived riion ke 'vs. TIhe set lxxii p~rodid lli Ill( e e V e ti lie is. gil rig h. (xriti ax

intaxct tit iikeyvs we're uiiit ni t ictahtY vxi ftx ten t f'ri t he epfit hliif ot IeI( innri 'eatr.

nriitgxxtxiiized tixutke ,vs. A ciomipairisont ot these fixdinigs, I, th (it (1mliaixtx I'll
B(ini hisqxi/ug~inl (dil'd mike' " i. Thie piisttivt' he- is itoiixiixtivt'. Decoxmipre'ssinig alriittixit xiat :114 tix xlx I) I

havii ra I c hanrges fin po stur ie an rutiistaigrultrs wel- rCoxnsist - TO HUH 1(1.11 r ss lit' det erin ex I hll t iit- si-\ i-i('I I( ix h.

eat with the anratoicit damage revealed 1) histoilogy anrd innrer- ear. lt'siion is conitinigenit itlilx xxii dwi -laxxxi d
were t'eautil v explained bY That damaiitge: but if was tic'- decxriipressixt. lHapixl nates ot dc(iiitnxsx JIl'imIi' iii

et'thetess tiectssai' v toi irivetigixtt' thle hrri ii tx lSx-trtaiil v',xSx-ttlxt lesionis wit 1i ext crisi\v' lien-rixixrhixLtIlg. 1,i\ 'a i .ii
whether litiv central tesioins werte cxxionihuting toi hi' proiidiced ril ixxtiogest ioiinx of ilix iritxtxt l xi x-%x-- xii

behaviora-~l resrults,. Serial SextiotS xif thle bratins iof 22 axssocxiatedt ''altliiniits ixAAil t. I iiixi-iiA'xi
rre~'senative aiials. incltuding slime f'romi each xxf tile initluxexd 1 hemrixtrhaxging ritl() th lx'irt(irs ix v- ''tI liv
thr'ee group)s, were iaxlelenideritlv sttudiedl ill detail lix at tibular atndx xcochleair nrcs anIltit gaxtigtii. 21 vildiiixx , il
txeai'ipathologist (N. B3. Rt'wcaistte). heniortrhaging Oxf the'M111 ]' ei iiiItat llk ixiixl k ~_(.IJ

Les, nIS Weit' 1 0t.1d in 7 of' the 22 br'ains, arid altt 7 oxf ainixtxr hiemoirrha~ging (itt ilix' \t rt i xi1itit I- .111d lit
thxise nionkey's wvere shot- - vei 'vN slu it -t erii surrv ivxal spira ntItigailleti i1 h temaoirrhaxtg inig ill th lx rig - (d 1111.ili
aianke vs. Lesix ns in areas i t ihe b~rain that art' timapxir- sem ici rcular dluct s; 53 lesixoirs inr ix i tilt, mOir t\ t tlit lii
lance toi audtito iv oir vestibula fta'iantiion were founi d in I ma rid windx ax rnilinhraxiix: oil si a iterei Woo li ixxl x ill
only two, of' the seven brains (huuth froni the very short- the endotvmiphatit' and peril~raphat ic areas in ilerent
terni sqairrel mxinkev gr'up). turns in the cot'hfea: arid 7) oxccasionral destructixin ot The

Only' mxiake vs that werec recognizedt hehaviuirxlf as organ of Corti. Jerisen ei al. (251 have iiidicaited that
halvinrg Iiner car datmagte wit hiu tatppa rent x'ent ral lesions therme is a ctriticalt dcx i iressixl x-iirtnellx xwo% \% lii Ii sp lx i-
were assigned tox the loing-term suirvival group tar ex- tanexius t'tvstagatit, is, alit elicitei. Both Mct xormiick ci
tene sxt ud Sr vd: and, in fact . axone xof' these anaimuats were at. (33. :41 anrd Lonlg ei t il. (32) hav rtetn'po rt ext he'miloxrrhage'
txtnixdto haxve brain lesixns. Apparently, v wit hi decompres- in the scalae. Thxise xobst'rvatiruns itre' x'tx'ltl sittiitxtr ill

sumn sickness in sqairrel mniikeys. it is coxirnma to have much xif'what is rcpoirtcd herein.
discrmxt e inner ear damage with no braini lesioias, commont Inner em- pxathoioigy i-'stdling /rioi nhlirliir u/u/i i N
toi have death hoccur (pmesrnuahlv hecause xof' brain Ic- change's in d/('x'il-esti'SSil. 'The icceted x t hx'xrv ti r- Thei
SitlS1, htut tiausalto have hrain ilamage withuiut oibviuius cause oft deCxMIM'esi' tittIess is t hit Intert gakses Ie.g..

hehavixoral signs of* it. nitroigen and hiel ia il coimie oiut o f sixlutiixxio \\-illi vrixi
irig prssr i-c iiioixrmu tib bles fin thle lix\ utvtissu ix's andi

I)tS(AtSS)N blxouixstrueam n Extwrinnats risinrg T he' Tecxique xs it IDo p-
pler ultratsonic's harve shxowni oi-ncirgtv t hat ira a-ts

Several conctlusionas cian he xlant wit'xm t his resea rch. t'ular b ubbhles doi fori rruiiring rapidt decomiiipiression (i 4:W1
Jo (Comparexd with at her hiudily struxctures, The inneixr car It appears likely, then. Thxxt These hithhles ''iiiii'ast' inl



s1Ciz it li h tli, aciie jolt ot ie-li gas trotithi taglanilis-sc-t R~ef. 39i). Shouild uch-l a1 tiiechliit also,
surrouitng.," 221 indl suIhSetnItut , % block tilt- tlli-ioclir- heait wiiik inl I li- inier (,;Iii tolliiwiitg rapid dt-iitlitpt-.sstioi.

Ing which thle buble~~ts (llt griiw wit hiiit int erteri 11c comipressiont illnless therapy.
tissuie teaintg Vii h resuiltatltiiirig- cali occur.tii>Ill ( OvenI thlt titc that priecipitated miaterial tiia% appeal
22tindicaivtes a that lides occur'110- fifbre ( 1 tr e ill in areas inl theC Otic fluid spaCcS wj%'thiiuLt n1CeeSSalii* ai\ evidenlce

hIngll slow circulationii: e.g.. ariiilsle tijijin nlore ot htuiorrhlage. it tohI(1w5s that thle tiaiisud[Itiuii of plas1ii
ofteniiluh vllte, Iiatter ot, thecer a cord (where the pioteitis froi ithe arterial etild of the( iapillar 'v lied is aI
circulationi is ojilitte sluggisih thai ili Ii(- egrav inatter likely- inlitialevnt Shold prolon1ged VaisctlarItsj dct-
(which hias good circuilation). It seeins likelt thleti. that veltiiolie theI eXidiutiOiii of' proteinl re-su.lting IPAon ai lW,
regioins such is tw lestriai a1siilaris. itt which lite bliiod of enidothelial i-(lltilarit v Ii kel ,v, at thle vetios e11(1.s
tb iw% rate is \-vslim V ilsjiite thet large iinumbert-iit vcs- wiiill biecim itite uiajoi Ilechianisil [)Iv which precip
sets), woulilli b iit- ) iCLO-iv Sti.SCeIld tii hulde ortia tateil tiaterial eniters inito the ot ic tluid spalces (unless ai
tiin and growl i i situ, with Iiiitsetieiiloil vel[lood ve'SI Od\ssel rIupturleSt. lniteresdtnglv'% Mc( ortuiik et at.
ruipture atdol itettotrhiage. Ititere-stiiiglv%. liocalized bloick- t3:t ioticluided that the( exudaitioni of [bliood proteiiis is
age uit lilt\ set oftiapillaics illIich cochlea [ilta [It-h respoinsibile lfii thle prteciplitateil tiatt-iial it) ithe si-alac ot
ciitipensated for h.\ increased tiow% ill ot her sets ot (alp- rapidl'v decotiiresseid guineat pig's show ing cohi-ar d\
illaric, Isince t i-it- art. iight pa rallel iapillarv bieds. onec fiict ionl.
ofit\%hicli luit havec I IeI? paj.-.4 ihiaractecristics of(i ali The results herein,. and othter ionsiilerat ions. sIlgge-I
iiteii\ctiii slkli lnii-hiati'tili).Tis Iiia ,\explainl thle that somle ot the pireipiitateIl material ill thle scailae iad
dimi ieti nattun-vit Iliet I issue idamage fotiud ill Iliecochlea,. thle vest ihillar perilvtupli wa;s poduced friutt a

I-tnt ettiiiuch iiIniiichialiismi tiliglit Almx [bloiod ise dat ion-exndat iol ofI [blood piiite-inis re-iult ilig ti'otii h'
hliick;ige( to 1isisi for long peioids ot t itue. witi Ii te stasis anld in [bod vessel Ituptilue that 0(icouic(d ilitlai
likeiihuid of causing daiage to tlit' eidiitlielial cells ofi rapid dlecomipressioni. ile tait that sotil procipiI~t ad

lilt rav isctulat hiuhulis ir looidii rht-uhigic fac-tors Oi, 12. ltiitiials suiggests t hat there arc tlsui othlit- coin iilml In
I. 1i 1-1161 could louwer the u-ate of [blood flow and factors invokledl. Inl this regard. \asiciti o itil
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